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I. INTRODUCTION AND BACKGROU~ND

Tlhe U.S. Army continues to develop essentially free-flight or ballistic

rockets for providing general support, counterbattery, and area fire. Two

competing, free-flight, general support rocket systems (GSRS) are presently

under development. [I The GSIPS, or free-flight rocket, can deliver high

volumes of TOr fire for the destruction of high-value, time sensitive,

area-type targets. GSRS is envisioned as a highly mobile weapon designed

to ccmplement standard field artillery and to lay down quickly a heavy load

of munitions on enemy forces attacking in a "surge" scenario; i.e., a sur-

prise attack across Europe with massed armor,

If a relatively inexpensive guidance and control package could be

integrated into the free-flight rocket, such that the accuracy of these

missiles was increased to the 2.0-2,5 rml range, their effectiveness against

hard point targets could be significantly increased. Such a high-accuracy,

command-guided ballistic rocket could replace som general and direct support

cannon and artillery units in fire support roles calling for munitions to be

delivered on targets with high precision and destructiveness and roles vihere

augwientation fires are delivered in close support of mmaeuver elements.

An in-house I&D program at MIIRADOI4 resulted in a concept for a

relatively low-cost, cctmand-guided ballistic rocket with projected accuracy

significantly better than the best accuracies obtainable with the completely

free-flight rocket. [21 In this concept, the missile is equipped with a re-

ceiver, a low-cost guidance package, a unique polarization sensitive passive

retroreflector to provide roll position information, and side thrusters to

7 IWPPGE!)ING PAGE BLA1N-NOT iIIMD



allow the ballistic trajectory to be corrected to agree with a

ccmputer-generated reference trajectory designed to produce rocket impact

at the target l.ation. In the general concept, a ground-based laser radar

was employed to determine rocket spatial position and roll orientation as a

function of time. The position and roll data are processed through a

ground-based computer which predicts the rocket trajectory and impact point, I
compares this with a reference trajectory designed to tmpact at the target j
location, and then generates trajectory correction signals which are coded

on the laser radar beam, or an amuilliary rf li.k, and transmitted back to

the missile receiver and guidance control units. In this manner, the rocket's

trajectorV is continuously compared to a reference trajectory and trajectory

corrections are made to force the rocket's predicted impact point to agree

with the target location thereby, greatly increasing the impact point

accuracy, This system is called CGMIAR for Guided R__dket With LMer Radar.

The primary limitation of the CGRWLAR cncept is weather, smoke, ex-

haust plute, and cloud attenmation of the laser radar signal. To circumwent

this problem, a more conventional micragave or millimeter wavelength radar

has been proposed to replace the laser tracker. In th-is case, the radar

would perform the samne function as the laser tracker previously described:

provide position and roll data as a function of time on the missile over

the trajectory flight path, The missile retroreflector might take the form

of a passive Van Atta array of antenna elnemnts which %mld be located in

the trailing edge of one of the missile fins, or an active wicrowave

transponder could be used to augment the missile response, The missile an-

tenna would linearly polarize the returned, retranmmitted or reflected sig-

nal so that roll orientation processing can be accomplished in exuctly the

same, manner as with the laser tracker.

8



A preliminary design study of millimeter/microwave radar concepts for

satisfying the GPDWLAR missile tracking and command guidance requirmments has

been cmolpeted. [3I The primary objective of that study was to determine the

feasibility of a microwave or millimeter wavelength radar for satisfyiag the

tracker requirenents in the command-guided ballistic missile concept and to

develop a preliminary design for such a radar if it proves feasible. Saw of I
the specific tasks which were a part of that study included: exami.nation of

the propagation effects on polarization of electromagnetic signals so that the

various factors which produce depolarization can be identified and the accuracy

of roll position estimation can be determined; analysis of various retroreflec-

tor configurations and their polarization and signarure properties in compari-

sor, with the radar signature properties of the unaugnented rocket; developrmet

of several tracking radar candidates and tradeoff analysis of these systems

based on such factors as range performance, clutter rejection, trackingaccuracy,

and caoplexity; and, finally, recoumendation of suitable radar condfiguration or

configurations.

The efforts described in this report and covered by Task Order Niuber. 1030,

under US. Army Research Contract Nnmber DAAG79-76-D-0100, were intended to ex-

pound on, and more fully develop, these previous preliminary design tradeoff

studies, particularly in the areas of miltiple target tracking techniques for

the missile tracking radar; transponder system analysis, design, and costing;

retroreflector techniques, configurations, performance, location, and desigan;

radar system cost tradeoffs and ccmplete system cost projections and comparisons.

9i



In the following sections of this report, several multiple target

tracking radar concepts will be identified, analyzed, and their suitability

for the GOWLAR application will be evaluated. Design information for a

suitable rocket transponder will be developed and the impact on previously

identified radar system parameters will be calculated. (Cmplete system

costs for both a passive reflector and active transponder-equipped rocket I

system concepts, including radar concepts, will be presented along with a

discussion of some possible techniques for passive auretation of the roc-

ket radar reflectivity. Major conclusions and recawrendations are presen-

ted in the last section of the report,
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II. MILTIPLE TARGET TRACKINM cONCF/'

-The system analyzed in the earlier study considered the case for

which only a single missile was tracked by the radar system. In practice,

salvo firing of missiles at small intervals is desirable, with five mis-

siles per salvo and one second intervals between missile launches being

realistic values. While a separate radar could be used to track each mis-

sile, the cost and complexity of such an approach would appear prohibitive.

There are a number of concepts which may be used to track nultiple

targets in addition to having a number of radars equal to the ntmter of

targets to be tracked. These concepts include:

* Off-Axis lInopulse Tracking

* Mechanically Scanned linopulse

* Track-While-Scan (TWS) Radar

* CCmbined Monopulse and MTS

* Beam Agile, Phased Array .M.•pulse

The use of off-axis monopulse tracking is permitted by the relatively

small dispersion, typically ±30 mils about the mean trajectory[4 ), which

would normally be expected when viewing a salvo of GROWLAR missiles, The

use of track-while-scan techniques for mIltiple target tracldng, using

electromechanical scanning, frequency scanning, or phase scanning, is quite

applicable to this case, and the small sector to be scanned may reduce the

cost of the seaming antenna significantly, Combinations of TWSS and rwno-

pulse teclhology (e.g. using monopulse in azinuth ard ¶1S for elevation

i3canning) may provide an opportunity for a low cost, sbiple yet effective,



system. The use of a fully beam agile moncplse (such as the PATRIOT) would

satisfy requirements for nultiple target track but would. be rather complex and

expensive; use of limited scan concepts (as employed in the TPN-19) may appre-

ciably reduce cost of such systems.

The application of any of these concepts to the MOM concept is com-

plicated by the re.uirement for dual polarized operation for roll angle deter-

minaticn and the fact that frequency scanning is limited to those cases which

do not use a beacon on board the missile. Also, coherent (HTI) operation for

rejection of rain, cloud, and land clutter must not be siVnificantly degraded.

These concepts are treated in additional detail in the following sections.

A. Off-Axs i se Tracking

The use of off-axis manopulse uultiple target tracking offers several

advantages, including the use of an antenna, transmitter, and receiver no more

complex than-and, in fact, identical to-the dual polarized sirmle target trac-

king system described earlier. [31 There are two distinct cases to consider:

the radar case (passive reflector) and the beacon or transponder anLnented

case. Due to the attractiveness of this concept, it will be analyzed in con-

siderable detail in the following sections.

1. Radar (Retroreflector) Case

The fact that a mnopulse radar fonne the ratio of the differ-

ence signal to the sum signal, and that this ratio is a measure of the dis-

placement of the target from the axis, may be used for tracking of multiple

(R1,LAR missiles. This multiple target tracking woild be simlified by the

fact that the missiles would always be separated in range, The performance

of a monopulse radar tracking target displaced from the null axis has been

analyzedt 5 ] and results indicate that accuracy decreases with inereasing

12
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displacement fran the axis. This loss of track accur:acy due to off-axis

tracking may be reduced by making the ratio of dispersion to beam-idth smaller;

i.e., for fixed dispersion, increase the beaniwdth. However, increasing the

beanvidth reduces antenna gain, thus increasing thermal noise errors.

If the dispersion is fixed, there is a value of antenna beamwidth which

minimizes the overall tracking error. This value of optimun bearidth may be

derived by taking a representative beaeidth value and observing the change in

accuracy as the beamwidth is changed.

In order to simplify the analysis, a Gaussian besmshape was assumed. It

has been shown that such an approximation is quite accurate to the -10 dB

point for a variety of antenna beamshapes[6 ; results were not significantly

different from sin x/x patterns. Thus, if 0 is the 3 dB beamwidth, then the

variation in voltage gain of the antýe=a is given as

S = 1 .e388e 2/1 2 (/)

[51Sharenson has shown that the off-axis track error is given by

+e 2 12)

T = (2)

km(S/N) S (e)
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for the case of uncorrelated noise in the sum and difference channel, where

a is the tms tracking error in degrees;

8 is the 3 dB beamwidth of the antenna in degrees;

km is the error slope of the antenna (typical 1.6/beaxwidth);

S(O) is the reduction is voltage gain of the antenna at angle e;

and SIN is the on-axis signal-to-noise voltage ratio,

Values of the increase in rms track error as the value of 0/8 is increased

are given int Table I for sin x/x and Gaussian patterns,

Thus, proper choice of beanimdth, or the ratio of beamwidth to error, can

strongly inpact the achievable tracking error.

If one takes as a reference system a lO (17 rl) CGaussian beanwidth system,

and multiples the beaiwidth by a factor a, observing that S/N varies as 1/a

the new error aT is given by

2 78-

(+ .3 (3)
T SNk rk2 a 2 (3)

or the on-axis track error O/S/N km was modified by a factor y(a), where

2
2k2,784',,2k2 3 2l~ a 2

2..y(l) (1 + ~ a e 8(4)
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TABLE I

INCREASE IN TRACXINC ERROR AS TARGET M4VES OFF BORESIGHT
FOR GkUSSIA•I AND SIN X/X ANRTNNA PATTERNS

Angle in Increase in Increase ins
Beariffdths ofa Track Error-Gaussian Error-sin x/x

0.0 1.0 1.0

0.1 1.05 1,05

0.2 1.22 1.22

0.3 1,59 1.55

0.4 2.20 2.15

0.5 3.25 3.25

0.6 5.16 7.68

0.7 8.67 8.33

0.8 15,70 16.49

0.9 28.22 15.36 I
I

S15 1

SI.



L

or for 0 30mils -17 mils

8.66

97 3
Y=( + L- a e (5)

SFigure 1 presents a plot of y vs t for parameters assumed earlier, indicating

a mirdimim value of y of approximately 93.32 occurring for a value of ot of ap-

proximately 2.65. The corresprnding beamwidth is approximately 2.65 degrees,

but track errors have become quite large, at a range cf 30 lm approaching ten

mils. However, use of transponder augentation permits a substantial reduc- '

tion of theo tracking errors.

2, Beac,./Tr- cnder .Auneted Case

The case for a missile augmented with an active transponder

offers the potential for substantially improving performance over the passive

reflector case. There are two reasons for this; the first being the higher

signal-to-noise ratios achievable with the augmented system, and the second

is that the error expressions indicate a less dramatic increase in track er-

ror with increases in off-axis angle.

The off-axis monopulse error for the beacon-transponder case was not

derived by Sharenson[ 5 1 , but a relatively straightforward extension of his

analysis yields the desired results.

Using ShArenson's expression for the standard deviation of the ratio of

the difference signal to sum signal, ov, for noise tucorrelated between the

sum and difference channels (this noise has standard deviation a),

16
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2 ½2 2_ [o_ + -j22 (6)--
CY V 2 + 4 4l

where

A is the difference signal given by KD(O) where K is a conistant
and D(O) is the change in difference pattern with angle.

z is the sm signal given by KS(e), where S(e) is the change of
sum pattern with angle.

One may then write

2 KD (0) o2 ½
V K 2 2(K + KS(0) 7)

2S2 D (0)(
S(e)K + (e)

Note that

= N/S

"V

D(O)

18
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then

22
OT~ (SlNkmO Ia a (9)

This is an expression similar to the retroreflector case but with a factor of

S(e) rather than S2 (o) in the danoninator, This is intuitively satisfying

since this reflects the one-way rather than two-way effects of the sum pattern

anterma gain variation.

As before, if ý is nultiplied by a constant a, we can note the change in

error y as given by

7,97 )%2 e4.33/OL

y = (1 + = ) a e 2 (10)

noting that S/N varies as k for the one-way case,

Figure 2 presents y as a function of a, showing a mininum occurring in

y at a value of a of approximately 2.46. Thus, an optimum value of beamwidth

for the moopulse tracking radar is approximately 2.46 degrees. At a range

of 30 kn, a system such as described in [3] would have an error donainated by

fixed errors to be approximately 0.1 mil.

3. Preýýi Dependence of Track Error

Additional analyses using systematic search methods have indi-

cated that there is, in fact, a constant ratio of off-axis angle to antenna

beamwidth which minimizes overall tracking error. This ratio is different

191
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for the two-way (radar) case and for the one-way (beacon transponder) case.

A value of antenna bea=%idth given by 1.50 times the off-axis angle maximi-

zes tracking accuracy for the two-way case, while a value of anterma beam-

width equal to 1. 39 times the off-axis angl.e minimnizes tracking errors for

the one-way case. This fact was utilized to investigate the frequency de-

pendence of both one-way and two-way tracking system accuracies.

A set of system parameters the same as those chosen for the earlier

frequency trade-off was selected for the off-axis case, except values of

antenna bean.width were chosen to be either the limiting (maximum aperture

size) case, or the optimum value defined by the ratios developed above. A

representative set of baseline systems is described Ui Table II for the pas-

sive reflector case and in Table III for the beacon-augmented missile.

Since off-axis rather than on-axis null tracking is assumed in this analy-

sis, more ccmp].ete treatments of the pulse integration and track smoothing

were required,

The estimate of missile position is made by the radar sensor based on

the information obtained by averaging a nutder of received pulses together.

In general, the number of pulses averaged will be close to the optimum num-

ber for range tracking which was developed in the earlier report[3]; a

value of seven was chosen for this analysis. For the GRMLAR case one wmld

expect to obtain one such measuremnt near the point of alignment of the re-

ceived polarization with the polarization used for missile tracking. That

is, one would obtain four measurements of missile position per missile re-

volution.

The rms tracking error due to thermal noise was calculated using proce-

dures described in the earlier report, with a fixed instrumentation error of

0.08 nml assumed.

21
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Estimates of missile -osition produced by the radar system may be

further improved by smoothing or curve fitting these points. The improve-

ment in accuracy is dependent on the exact signal processirg routine utili-

zed, and results from several analyses are briefly suimrized in the

following paragraphs; more complex filters requiring computer sinulation[7

were not analyzed, but their performance is expected to be quite similar

to those which are amenable to cloud form analysis.

t~io[8,C9]
Morrison has analyzed the case for both fixed memory polynoial

curve fitting and expanding memory-type filters. The results for the re-

duction in error variance for a fixed-memor filter are given by

2 (2N+1I)

for a first degree fit, where N is the mrxer of measureents used to per-

form the curve fit.

Benedict and Bordner[ " have analyzed the case for the reduction of

measurement errors ansociated with use of the a-0 ftlter, The variance re-

duction ratio associated with this filter is

2ot 2+,s(2-30t2F

In addition, they showed that an optimun value of 0 is given by

a-Z( 2 -cu)

thus reducing the choice of parameter to the choice of a single, swothing

coefficient, a.
24



Quigley, et al have analyzed the case for a Kainmn filter and

detenrdned that for N neasurennts, the variance has been reduced by a factor

of

2(2N-1)

Each of these analyses yields similar results (assunhdg a is chosen so

as to provide a smoothing interval of N sanples), so that the particular

smoothing procedure chosen does not significantly iripact predicted tracking

errors, For the analysis, a reduction in variance of

2(211+1)

was selected,4
Ta e value of N selected thus inpacts the achievable accuracy of missile

location, One would want only to process data between missile side-thruster

firings, which would normally preclude smoothing for more than one to three

seconds. At a missile roll rate of 3 Hz, a smoothing interval of three sec-

onds, and four measurements per revolution, a value of N = 36 is obtained,

and this value was used in the accuracy analysis, Following the same proce- I
dures A-Lich were set forth in the earlier nalyses, thermal noise and instru-

mentation errors were ccubined in a root-mean-square fashion. Some

representative results are sumnarized in Figures 3 through 7. Boundaries of

the radar track accuracy regiot are set by the on-axis trackdng error (the

25
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minimum error), and the track error for a target at the edge of the dispersion

region. Intermediate values of dispersion will fall between these two extremes.

Figtre 3 shows tracking error as a function of range for the 5.5 Gaz

tracking radar described in Table II. Values of on-axis tracking, 20 mil

off-axis tracking, and 30 mil off-axis tracking are given on the same graph

because the constant aperture limit resulted in a non-optimum aperture-limited

bearwidth for this particular condition,

Analysis at a frequency of 9,5 G(z is given as Figure 4, shoing the track

accuracy region for a 10 mil dispersion of miles, bounded by the on-axis and

the 10 mil off-axis tracking errors, Figure 5 shows the sane presentation for

a 9.5 GQz system, but optimized for 30 mil off-axis tracking.

Figures 6 and 7 give similar results for 10 mil dispersion and 30 miol dis-

persion respectively for an operating frequency of 16,5 (Gz.

Each of these analyses indicates substantial tracking errors associated

with the requirement for off-axis tracking. It should particularly be noted

that maximum track accuracies are a strong function of the required dispersion

associated with the missile rounds to be tracked. In fact, errors exceed the

acceptable minimums in every case within the 40 kilometer maximun track range.

Hxanýnaticn of the data presented for the tracking of a passive reflector

show excessive errors at longer ranges, In order to reduce these errors, the

performance of a similar systen but with 10 dB of pulse compression ilcorpora-

ted (this would give a duty cycle of 0.01, a practical upper limit for avail-

able traiumitter tubes) was examined., esults of this analysis are sumarized

in Figure 8, illustrating improvement in accuracy, but still evidencing sub-

stantial errors at the longer ranges.
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When a transponder-equipped missile is tracked using off-axis monopulse

tracking, quite impressive accuracies may be achieved, A representative set

of such transponder-equipped systems is described in Table III, and similar

beanwidth optimization and tracking error analyses were carried out. In

almost all cases, the tracking error was dominated by the fixed instrumenta-

tion error, with the exception of the 20 mil and 30 mil dispersion cases for

operation at 16.5 Giz, whose performance is sumarized in Figures 9 and 10.

Since operation for all dispersions up to 30 mils resulted in a 0.1 mil

error for the 5.5 and 9.5 (•z cases, those are not presented in graphical

form. Similarly, the tracking error for 16,5 G(z operation optimized for 5

and 10 mil dispersions was dominated by the 0.08 mil instrumentation error I
over the range interval out to 40 kilometers, and is not plotted.

These analyses indicate for the frequencies considexed, which are those j
which would be expected to yield reasonable performance in adverse weather,

operation of an optimized off-axis tracking radar following a missile

equipped only with a passive reflector results in relatively large

track errors at ranges less than 40 kilometers. Operation %Aile tracking a

transponder-equipped missile results in substantial improvements in overall

system accuracy, system accuracy being dominated by instrumentation errors

rather than thermal noise-induced tracking errors in ablost all cases analy-

zed. i
While the transponder-equipped system will provide accurate tracking

for GRO[AR missiles, a desirable system alternative is to be able to oper-

ate with a missile which is entirely passive. In order to accomplish this

with a conventional monopulse system operating in the off-axis tracking mode,
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1

significant increases in average power on the target, and substantial, add5.tional

signal processing complexity wuld be required. Thus, othier tracking techniques

for the dispersed r.issile scenario were investigated and results presented in

the following pages.

B. Mechanically Scanned Ionopulse Trackers

One of the significant problems with the off-axis angle track concepts dis- .

cussed in the previous section is that the required off-axis angle was relatively

large, resulting in a reduction in track accuracy for such targets. The use of a

mechanically scanned imnopulse system which can be generated by motion of the

feed, sub-reflector, or primary reflector of a conventional mnIopulse system, can

significantly reduce these off-axis angles at the time of measurement, thus in-

creasing system tracking accuracy. However, on closer exandnation, there are

significant difficulties encoautered when atteMting to apply this concept for

the GROWIAR application.

The principal difficulty when using electronechanically scanned tmrqpulse

beaws is that the high roll rate of the missile requires a rapid scan over the
A

entire sector of interest ni order to make accurate polarization measuremnnts on

each target and to update missile roll and track information at a reasonably

high rate. SAch a rapid, continuous scan results in relatively few pulses on

the target when the target is located near the boresight of the antenna beam,

significantly reducing the number of samples available for integration in order

to minimize track errors. Rapid motion of the beam across the target also in-

trouces additional pulse-to-pulse amplitude fluctuations which degrade the

clutter cancellation of any system which eniloys coherent processing for elimi-

nation of returns from clouds, precipitation, or land clutter.

Another difficulty when using electromechard.cally scanned nricpulse beams I
36



involves the careful control of the polarization properties of the system

-hich is necessary in order to rmake a polarization roll angle determination.

A survey of available literature uncovered no treatment of such effects but

examination of co-polarized returns produced by such scanningr 2 1'4 indi-

cates that the problems may not be unsunrountable, particularly when only

modest polarization accuracy is required.

The high mechanical scanning rates which are required in order to up-

date target track and polarization information may adversely affect the re-

liability of the mechanical mechanism utilized to generate such scanning.

However, careful design should mirdmize such problems.

In stmmary, the rapid, continuous mechanical scanning of a manopulse

system over a limited angular section resul,:s in a relatively inefficient

utilization of the available energy from the radar. 1his inevitably results

in a signi(fcant degradation in angular tracking accuracy over that which

would b-. acquired if the radar energy could be accurately placed upon each

desired target with the sector of interest.

C. Track-While-Scan (IWS) Radar

It is possible to use track-while-scan (TWS) concepts to track the

GLROLAR missiles. In a lMS system, a conventional single antenna beam is

scarmed over the sector of interest and target position is measured based

on variations of the anmlitude of recei -ed signal as the antenna bean is

scanned across the target. Rather accurate measurements of angular position

may be accomplished utilizing such an approach. Figure 11 shows the theor-

etical accuracy of a track-while-scan system for eight pulses per bemwidth,1151

while Figure 12 shms results obtained from a Dbnte Carlo simulation of a
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TWS system. The Monte Carlo simulation actually introduced such factors as

the specific computational algorithn which was utilized and the effects of

A-to-D quantization noise on overall trackirg performance. Both of these

figures illustrate that a LWS system can generate accurate track information

if a large rurer of pulses per beamwidth is achieved.

In actual implementation, usually two antenna beams are utilized in

order to scan the sector of interest, The beams are normally narrow in one

dimension but sufficiently broad in their orthogonal dimension as to cover

the desired scan sector. This broadening of the bean redices antenna gain

over that of a similar pencil beam. The requirements for scanning of two

beams requires either the utilization of tN separate transmitters or the

time sharing of a single transmitter between the two beams, Thus, there is

a significant reduction in energy per beam on the target.

Scanning of the M.S antennas may be accomplished by electromechanical

scanning, frequency scanning, or phase scanning as in a phased array system.

The cost of phase scanning can be quite appreciable and frequency scanning

can, In general, only be accomplished in a single plane--at the expense of

increased transmitter complexity. Use of electromechanical scanning anten-

nas requires the additional ccrnplexity associated with two devices such as

a Foster scanner, a lewis scanner, or a Geodesic Luneburg lens, Such de-

vices are normally not dual polarized but the polarization of the signal

fran the id.ssile must be measured with both of the scanners or antenna beams

which are utilized, It is conceptually possible to provide a dual polariza-

tion capability using polarization transforming grids and additional focusing

elments, but such approaches increase cost and complexity,
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In order to update position and polarization information from the target,

the beam must be rapidly scanned over the sector. However, this results in re-

latively small numbers of pulses received from any given target with a conse-

quent reduction in tracking accuracy. These rapid fluctuations in

received signal strength also reduce the clutter rejection capability of the

systen. Tracking accuracy is further reduced by any fluctuations in received

signal strength due to rotation and wobble of the missile during flight.

These combinations of factors act to inpact, significantly, the achievable

tracking errors.

In order to probe the effect of limited numbers of pulses per beanwidth

on clutter cancellation or inproavenmt, an analysis was carried out to deter-

mine the relationship between numbers of pulses per beamAidth and the

pulse-to-pulse fluctuation levels. The analysis assumed a Gaussian antenna

beamshape.; fluctuation levels were calculated and translated to Inprovement

limits for both the on-axis case and the pulses occurring at the 3 dB point

of the antenna. Results of this analysis are given as Figure 13, showing the

range of achievable clutter cancellation, If the limits are due to beam

motion alone.

The fact that the motion of the beam across the target, whether step-scan

or continuous, limits the achievable clutter cancellation to relatively small

values, represents a significant problan associated with any TWS system, This

firrovement limit applies, regpardless of the means by which such scanning is

generated, and makes the use of mncnopulse systems, w•ichrequire no such scan-

ning across the target, most attractive.
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Summarizing, while a T!S system is capable of accurate angle measurements,

the particular requirements of the GRWLAR result in degraded accuracy and un-

attractive system complexity. The rapid scan rate required to update the

polarization-roll angle data at a rate high compared with the roll rate of the

missile results in relatively few pulses per beamidth, an inefficient use of

radiated energy and a reduction in clutter rejection capability. The system

complexity for a dual polarization measurement with what are fundamentally

single-polarized systems is unattractive from both a cost and a reliability

viewpoint.

D. Combined Ionopulse and Track-While-Scan

The narrow dispersion of the missiles in aziiiuth and the broad dispersion

in elevation makes consideration of an antenna concept involving scanning in

elevation (either frequency, phase, or electromeachnical) coupled with momo-

pulse tracking in azimuth to be quite an attractive approach. Unfortunately,

tile elevation trackdng problem presents many of the sane difficulties associa-

ted with a conventional track-while-scan system, ccoplicated by the fact that

elevation errors produce the greatest effect on predicted impact point (see

Appendix).

The principal advantage is that scanning is required In a single plane

only, with the consequent use of a high-gain, narrow beam antenna. However,

all of the problems associated with limited mrzers of pulses on the target,

amlitude fluctuations, ar.' lifficulties of dual polarized measurements re-

main.

If tracking of a beacon is not required, frequency scan could be used

for scanning the bean in the elevation coordinate, Systems using frequency

43

- I-. . .- I-.



scan in a single coordinate have been widely used in operational systems 16]

and dual polarized frequency scanning systems suitable for partitioning to ob-

tain a single coordinate monopulse capability have been proposed , but not

fabricated. The utilization of frequency scanming permits true beam agility;

that is, the beam may be scanned over only those regions which contain the

targets of interest. However. this capability is only achievable if the trans-

mitter has a high degree of flexibility and stability.

This concept of combined miiopulse and track-while-scan is, perhaps,

somewhat more attractive than a comientional track-while-scan but still evi-

dences significant problems, including small numbers of pulses on target,

clutter cancellation limitations, requirements for dual polarized operation,

and stringent transmitter requirements if frequency scaning, is used.

E Beam Agile Phased Array

The use of a fully beam agile system, such as utilized in the PATRIOT

radar system, provides a means of accurately apportioning energy to the vari-

ous, targets within the scan sector while also providing the capability for

accurate tracking of these various targets. Unfortunately, the cost and com-

plexity of such a system can be best described as astronomical.

Hcv-er, since accurate tracking is only required over a limited region

of space, recent developments in limited scan phased array monopulse antm-as

may be utilized, The geometry of such a system is shown as Figure 141[141

where a small phased array is used to illuinate a sub-reflector feeding an

I
offset paraboloidal antenna, permitting beam scanning over a Limited segnnt

of space, utilizing substantially fewer phase shifters than would be required

in a full-phased array systen. This concept has been implemented in a some-
what sinpler form in the AN/TPN-19 precision approach radar !18,191 Figure 15
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shows a simplified view of the TPN-19 antenna system which does not utilize

the sub-reflection shown in Figure 14. The characteristics of the TFN-19

system are summarized in the table also shown in Figure 15.

For the GROWLAR concept, even further simplifications may be achievable.

The relatively small dispersion in elevation permits a significant reduction

in ntmber of phase shifters required, while the even smaller small dispersion

in azimuth will, in all probability, permit accurate nunopulse azimuth deter-

minaticn without motion of the beam in that coordinate,

The most significant difference between the TPN-19 and the GRIWLAR appli-

cation is the fact that dual polarization operation is required for the CIOMIAR;

the AN/TPN-19 operates with a single, circular polarization. The only diffi-

culty in implementing the dual polarization is the fact that the phase shifters

utilized in the AN/TPN-19 are circularly polarized, It appears possible to

make polarization insensitive transmission phase shifters. In the event that

unforeseen technical difficulties are encountered with such an approach, cer-

tainly polarization insensitive reflect array shifters [201 could be utilized

on the sub-reflector of the system of Figure 14 in order to obtain limited

bean scawring with a dual polarized system. Conventional dual polarized moo-

pulse horns as described in Reference 3 could be used with either of these ap-

proaches.

In order to indicate the accuracy which -ay be achieved utilizing suc- a

limited scma system, a hypothetical or baseline system described in Table IV

was defined, and tracking errors determined by the methods which were outlined

earlier in this' section, In a beam agile phased array system, the question of

smoothing of measured data L- "re somewbat more complex since measurements are

not continuously available frcn each missile. Thus, there is a reduction in
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TABLE IV

QWI'JMISTUCS OF BASELTN UIKITkD SCAN PHASED ARRAY SYS•T
(See Text for Details)

Passive Reflector Beacon Transponder
Parameter Syststem

Frequency 9.5 Gcz 9.5 G-z

Peak Power 250 kw 250 kwI

Pulse Compression 10(lOdB) -

Radar Antenna Gain 41.5 dB 41.5 dB

Radar Antema Beamidth 25.5 mils 25.5 mils

Beam Aligmmt with Target 1 rmil i Mil

Reflector RCS -2.28 dBsm -

Missile Antenma Gain - 19.24 dB

Beacon Peak Power 10 watts

Losses 8 dB 8 dB

Receiver Noise Power -99 dBm dBm

Fixed Instntaentation Error 0.08 mils 0,08 mils

A&iner of Pulses Integrated 7 4

Nuwber of Masurements Smoothed 18 18 48
I
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number of measurements related to the mnrber of missiles which are tracked by

the radar. Careful beam progrwmijig may mind•nize effects of this multiple

target tracking requirement. A value of 18 samples were used for the accuracy

analysis.

For the beacon augnented case, errors were essentially instrurentation

limited out to ranges in excess of 150 kilometers. For the passive reflector

case, errors as a function of range were calculated and results summarized in

Figure 16, maxiýn errors increasing to 0.25 at the 40 kilometer range.

The relatively low cost and sinplicity of the limited scan concept is

quite attractive for a GROWLAR application, However, the requirements for

dual polarized operation would require same additional research and develop-

ment but developnt costs should not be of such a magnitude as to be prohibi-

tive.

F. S, MOay

Of the various multiple target tracking concepts investigated, the simp-

lest of these--the use of off-axis monopulse tracking--produced satisfactory

operation for a transponder atiented missile, but unacceptable errors were

introduced when tracking a target with a passive reflector for dispersions

of 20 to 30 mils at lcnger ranges.

Significant problems were encountered with mechanically scarmied monopulse,

IWS, cirdined monopulse and TWS, and fully beam agile phased array system.

The use of limited scan phased array antennas provides inproved tracking

accuracy for both beacons and the passive reflector case, at moderate levels
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of cost and cmplexity, The major problem that is perceived at this time is

Sthe provision of wolarization insensitive phase shifters to enable such limi-
ted scan concepts to be ipnilemented in a dual polarized system.

-- A
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I11. BEAMDNI/TPANSPONDER MOSIDERATIOhS

A. Introduction

Preliminary design studies defining the generic characteristics of a

* radar system for the camiand guidance of a ballistic missile indirect fire

system[ 3] indicated the inherent systein advantages of including a

beacon/transponder on board the missile. Same of the basic limitations of

the passive reflector tracking radar approach to providing data on missile

position and trajectory sufficiently accurate for comiand guidance uiich

were identified in this previous study included low signal-to-noise ratios

in a degraded weather (rain, fog, etc.) environment, clutter interference

(grc-nmd clutter and rain), and depolari.ation of the returned signal due

to returns from the missile body.

The use of an active beacon/transponder on-board the missile results

in certain simplifications in the ground-based tracking radar and reduces i

the effect on overall system performance of the limitations discussed

above. In. particular, a missile transponder (offset in frequency from the

radar transmitter) would:

(1) eliminate pulse-to-pulse integration due to large
signal-to-noise ratios realized;

(2) eliminate the need for a coherent (Doppler) radar
processing if the transponder frequency is offset
from the transmitter fr'equency;

(3) reirive the depolarizing effects of missile relec-
tivAity from the signal received at the radar,

SIEDING PAGr BLANC-NOT FI1Mi
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However,these advantages must be coipared, in a cost effectiveness sense, with

the increased cost and complexity of each missile. This cost canparison and

performance effectiveness tradeoff will be the subject of the next two chap- I
ters.

B. Tranp der Design Tradeoffs and Evaluation

Although a basic radar transponder is a relatively sifple RF system, I
t±Lis particular application requ~ires some unique operating characteristics i

and, thu, a careful examination of some of the transponder design questions i
w•ill be undertaken. -

1. Mlicrowave Source

The single, most inportant performance and cost driver in the

transponder is the source of microwave energy, its associated modulator, and

power supply. The selected source must provide performance levels which

match, or exceed, the general requirements for the missile beacon/transpon-

der given in Table V. In addition and, perhaps, just as importantly, the

source must be small, lightweight, producible in large quantities, and inex- 1

pensive. All of these requirements, plus the rapidly expanding teclhology,

favor a solid-state source.

Several recent state-of-art coavarisons among the various types of

solid-state microwrae source devices have recently appeared in the literature

[21 - 26], Information extracted from these references and other, AI

more general, sources which coa2are the performance and characteristics of the i

three most promisI.g solid-state source technologies--GUNM Diodes, IMPATIS, I
and ISA (LimA.ted Space-(large accumulation) Devices--for this application is

given in Table VI. System characteristics most directly effecting overall.
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TABLE V

S•MSSI-Z BFACON/TRANSPONMR

- I

MU TNCE PABAMETV

Frequency X-Band (9.5 (l•z--Offset
from Radar Frequency)

PJP4AY Thlm Fixed

PIulse Langth 0.25 usec

PRF 3750 Hz

Duty Factor .001

Peak Power > 10 watts A

Intrapulse (Cirp < 4 M4lz

-- 1

J

-1
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TABLE VI

TRANSPOtER SOURCE SELECION AN :1':

DEVICE
I,

C iARACIMSTIC m.LL LSA

Power 2 2 1

Efficiency 2 1 (2)

Stability 1 2 (2)

Cost 1 1 3

Availability I

Spec Control 1 1 3

Reproducibility 1 1 3

Design Experience 1 2 3

Total: 10 12 20

Trades favor GMNN Techiology at the present time i.

I.
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I
performance for the missile transponder application have been selected for

ccaparison. Most of the couparison made in this table are judgjental, relative

and qualitative, rather th-an strictly quantitative. Relative ccmparisons

were made along the devices and scores assigned in each category, with a

score of 1 being the highest and 3 the lowest.

As indicated in this table, GUNN devices sources, primarily because of

their relative advantages over IMPArT devices in the areas of availability

and design experience, were slightly favored over TJ2PATr technology. Should

the operating frequency have been higher, IMPATIS would probably have been

favored. Also, technology trends will probably result in IMPATT being favored

at some time in the future. ISA technology, even though initial exoerimer-

tation held proni se of ve-r, high power levels at microwave frequencies, has

failed to meet expectations and has not, as yet, proven practical.

A review of available "off-the-shelf" GUNN and UTPATT sources has iden-

tified the iPl0ssey-Type Series GPO010/001 has the source device which cur-

rently provides the closest match to the missile transponder requiraemnts.

The basic data on this device, as extracted fran a current Plessey catalog,

is given in Table VII. Note that the 10 watt device neets the frequency

chirp requirements for this application.

2. Transponder Analysis and Paraeter Evaluation

Samn limited analyses of several. transponder-equipped missile systems J
questions (such as received S/N and resulting tracking accuracy) were per.-

formed in the initial study, However, no parametric trades and evalua-

tion were considered at that time.fI
57

I



TABLE VII

X-BAND GUNN SOLID-STATE SOURCE CHARACTERISTICS

X BAND 
.

Temperature compensated Type GDPO1O/OO1 I

Frequency Range 9-11 GHZ a
Output Power 5 10 .20 30 W peak

Operating Voltage 30-40 30-40 40-50 40-50 V

Operating Current 4 6 8 iO A

Rise Time 20 20 20 30 nS

chirp 125 l~i0 m11z

Pulse Width 0.5 0.5 0.5 0.5 MS

Duty Factor 1 1 0.5 0.1 %

Temperature Coefficient +15 +15 +15 +15 kiz/oC

Temperature Range -40 to +70 °c

Av-

A%
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For a transponder-equipped target, the tWD propagation paths associated

with the radar range operation are effectively decoupled, such that the sys-

tem evaluation breaks down into two, independent parts--the radar-to-beacon

path and the beacon-to-radar path. Power levels received at the transponder

and those returned to the radar are governed by the "beacon range equation"

[27,28) The signal available at the beacon receiver is given by

SB rPrrGB A' )

(4r) R2 (L)

wbere

S= Pcwer Received at Transponder

Pr = Radar Peak Power Srr

Gr = Radar Antenna Gain

E= Beacon Antenna Gain

= Wavelength

R = Interrogation Range

S• = Radar Losses

S= Beacon Losses

The ratio of signal received at the beacon receiver, SB, and the ,miinm

power required to trigger the beacon, Smin, (or the receiver sensitivity) is

generally defined as the system gain margin for interrogation. Table VIII

gives calculated gain margins for the following assumed system parameters:
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TABLE VIII

IPAWRP/TRANSPO[ER CAIN MAPGI-I I

Gain lMargin

I

Receiver Sensitivity I

)sB(dft) -40 dBm -60 d•

1 22.7 62.7 82.7

5 8.7 48.7 68.7

10 2.7 42.7 62.7

20 -3.3 36.7 56.7

40 -9.3 30.7 50.7

60 -12.9 27.1 47.1

100 -17.3 22.7 42.7
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Pr =250 KW

G - 41.5dB

• -- 19,2dB -

0.0316 meters (.-band)

Lr = 4dB

LB = 63dB

The same, general expression as used for the signal available at the

beacon applies for the signal level available at the radar receiver when P.,

is replced by P., the beacon power. Since rnise power referred to the

radar receiver, input is

N Kt B Fn (12)

then, the resulting S/N received at the radar is given by

SIN PBGrGBx 2

(4 2)2RLrL K B F

where

PB = Beacon/Transponder Peek Power

K = Boltmann's Constant

"t o = Tenperature (Ambient)

B = Receiver Bandwidth

F = Receiver Noise Figuren
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For a radar receiver havding a bandwidth of 4 1iz and noise figure of

9 dB, the received S/N as a function of range for several transponder peak

power levels is given in Table IX.

Theoretical transponder tracking range performance for the set of sys-

ten parameters previously assuned for the-e calculations and in terms of inter-

rogation gain margin and received signal-to-noise ratio is given in Figure 17.

Balance between the up-link to the transponder and the down-link to the radar

is desirable in the overall system since the reply link must, at least, match

the transmission path to obtain the desired range performance. Excess power in

either link is wasted. The effective beacon sensitivity in parentheses corres-

ponds to a radar peak power of 25 kw. The other set of receiver sensitivities

corresponds to a radar peak pow'er of 250 kw.

3. Transponder Systeri Consideration

S.ome general conclusions regarding several of the missile trans- I
ponders and radar system parameters can be developed from close examination of

Figure 17. A relatively simple transponder crystal video receiver can provide

a sensitivity of at least -45 dBm, and such a receiver operating in conjunction

with a radar peak power of 25 kw will provide gain margins in excess of 18 dB

to a maximnm range of 100 km. Also, 10 watts of peak beacon power is sufficient

to provide large radar signal-to-ioise ratios (S/N ý_ 36 dB at 100 km) and,

thexeby, excellent tracking accuracies,

Note that over the expected missile operational range of 0-60 kin, the

gain margin varies by 40 dB. This large variation in gain margin implies

that, for any reasonable transponder sensitivity, transponder interrogation
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I

TABLE IX

RADAR SIGNAL-TO-NOISE RATIO .1
Peceived S/N

Transponder Power

1mige (kn) 1 Watt 10 Watts 100 Watts

67.7 dB 77.7 dB 87.7 dB

5 53.7 63.7 73.7

10 47.7 57.7 67.7

20 41.7 51.7 61.7

40 35.7 45.7 55.7

60 32.1 42.1 52.1

100 27.7 37. 7 47.7
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rA
ccmands radiated thLrough the radar sidelobes mould trigger the transponder.

This may or may not represent a problem for the radar/transponder combination,

since the missile may not be visible to another radar's sidelobes depending on

the, as yet undefined, operational scenario. Also, sidelobe responses of the

tr-nsponder may not confuse the tracking radar since all missile targets will

Sb e flyin g we ll-controlled tr ajectories and separated in range .

If sidelobe responses do result in significant, umnanted "clutter", then

these responses can be elininated by use of a sidelobe suppression circuit

(SSC) in the transponder or, perhaps, by controlling the radar transmitted

power as a function of range. The sidelobe suppression technaiques require

tranmission of a second suppression pulse shortly after the main radar pulse.

The suppression pulse is transmitted through a separate audilliary "CO2NI"

antenna or through the monopulse antenna difference pattern. A more complete

description of a sidelobe suppression implementation is given in refercnce. !271

One possible pulse coding and timing scheme is shown in Figure 18. r repre-

sents the primary radar transmission pulse; P12 the sidelobe suppression pulse;

and P3 the f 4 ring coumand pulse.

4. 1ansponder Block Diagram

P missile beacon/transponder design is shown in Figure 19 in

block diagram form. A straightforward crystal video detection/video amplifier

couparator conbination is used in this transponder receiver. A pre-selection
filter is used to establish the basic frequency selectability of the receiver

and to prevent the transmitted signal from feeding. back into the receiver. A

sidelobe suppression circuit and a duty cycle overload circuit are included to

prevent radar sidelobe interrogations and to limit the GUI oscillator duty
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I
I

factor to the specified value. Separate receiving and transmitting antennas

are also used.

Since the basic GROWIAR missile will always have an on-board receiver,

regardless of whether a passive reflector or transponder-equipped missile

c•ncept is emloyed, the only extra cost items to be included in the missile

electronics are those components enclosed within the dashed-box and tlhe side-

lobe suppression circuit, if one is required.

A
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IV, TRANSPONDER OOST ESTIMATES
I

One of the most important factors associated with the evaluation of

the transponder-equipped missile approach is the cost added to the indivi-

dual missile due to the transponder. In an effort to quantify transponder

cost, Plessey Microsystems was contacted for detailed cost estimates for

large-quantity bys of GUNN microwave power sources.,[29] In quantities of

10,000 units, or larger, and projecting a continuing development of GUNN
4

fabrication technology over the next two to three years, the Plessey

10-watt,X-band GUNN diode source, GDPO10-001 is expected to cost less than

$100 per unit.

A power supply design previously developed at Georgia Tech for a

similar Plessey C-band GUNN diode source is shown in Figure 20.301 This 1

design includes 3 trmasistors, 6 diodes, an SCR, and a DC-to-DC converter.

Again, in production quantities of more than 10,000 units, the production

and fabrication cost of this part of the transponder design is estimated

not to exceed $40 per unit.

The pulser/driver design for the same C-band tr•s•spnmder included 5

active transistors and various passive circuit caoponents. The production

cost for this circuit is estimated to be less than $20/unit for quantities

of more than 10,000 where mediun-scale integration techniques could be

used for both this circuit and the logic circuits required for the duty

cycle overload circuit, inhibit gate, mad trigger generator. Also, in

large production runs, the antenras used in this transponder could be very

simple and inexpensive stamped horn designs.
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Based on these considerations, a reasonable estimate of production

costs associated with the fabrication and assembly of the beacon/transponrder

components shown in Figure 19 are given below:

Copoent Estimated Cost

Oscillator--Plessey GD1P0!0
(Quantity: > 10,000) $100/each

Power Supply 40

Pulser/Driver 20

Logic 10

Antenna 10

Total. Per Unit $180

LLS cost estimate closely agrees w-th a ,rle-of-_t••b" trans.ponder cost

estimating technique used by Plessey[ 2 91 Previous experience of Plessey

engineers has indicated that the source modulator and power supply cost ap-

proximately equal the cost of the basic sow:ce device. Applying Plessey's i
rule-of--thunw to this particular transponder design requirenert results in

a cost estimate of $200/unit versus $180/unit wthen individual subcomponent
costs are estimated.
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V. MISSILE RADR CGROSS SECTION ALU WTAf(

One of the difficulties encountered when utilizing a radar for tracking

a missile equipped with only a passive reflector is that the radar cross see-

tion of a typical missile is relatively small--particularly when viewed from

S- a rear aspect. In addition, if polarization meamrement is desired in order

to determine the roll angle of the missile, the polarization of the back-

scattered energy must be controlled with reasonable precision. A rather caM-

prehensive, general discussion of the broad area of the radar cross section

augmentation of missiles is included in Hosking, [31] so this discussion will

be limited to factors specifically applicable to the GROALAR concept. TW

general classes of missile reflectors will be considered: those which are

fin-mamted, and those which could be attached to--or imbedded in--the body

of the missile.

A. Fin-Mounted Reflectors

In the CR0ILAR concept, the missile will be viewed by a radar from a

predominantly rear aspect. For the most extreme trajectory which is likely

to be encountered, aspect angles from 0 to from 30-400 off a rear axis of

the missile will noinally be experieniced. One location for a reflector to

enhance radar cross section is on the trailing edge of the missile fins.

Earlier discussions have indicated that fins as large as 5½ inches long by

2 inches wide may be acccuiodated on a CXJ41AR missile without adversely afi-

fecting its aerodynanic properties.

Analyses set forth in the earlier report indicated that such an area,

if L•L1f•Le e..y could provide significant radar cross section

SMC V PAlS *n# l-, " .".



enhancemient. However, only maximn values were considered in this earlierI

analysis, and in order to define the properties of such a fin-qr.unted reflec-

tor more fully, additional investigations have been carried out. The speci-

fic configuration which was analyzed was a Van Atta array consisting of six

waveguide iorns (three pairs of connected horns). Such a configuration is

quite amenable to inexpensive fabrication using conventional sheet metal

stamping and forming techniques on a mass producption basis. In addition,

such a concept has the advantage of having a high degree of polarization

purity so long as the connecting waveguide and horns propagate only the dom-

inant mode.

The anterna pattern of such an array is determined, primarily, by the

pattern of the individual elements which constitute the array. Figure 21

gives the relationship between the aperture dimensions and the 3 and 10 dB

beamwidths of the radiation pattern of a rectangular wavcg.ide, which should

be quite similar to that for the horns required for the array since only a

small flare is required. Examination of Figure 21 shows that for a 3-dB

beamwidth of 600, an aperture of approximately one wavelength in the H plane

and an aperture of approximately 1¼ wavelength in the E plane wuld be re-

quired. For operation near X-band, where wavelengths are approximately one

inch (3cm), such a coafiguration fits well into the available fin.

The utilization of a non-ideal antenna elements having an inefficient

utilization of the aperture (due to illuninative taper and reflections) re-

sults in a decrease of effective radar cross section over the maximnt values

which were calculated earlier. The reduction in area is approximately 2TI,

representing the difference of the width of the horn of approximately
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4 centimeters and the approximate 5 centineter maxinum width which could be

utilized within the fin (approximately 1 dB). Another gain reduction

is associated with the inefficient utilization of the available aperture.

The gain achievable fron such an open end waveguide feed is given by approxi-

mately 10.2 times the physical area divided by the square of the operating

wavelength. This is contrasted with the mxdmum gain which could be achieved,

,rLch woud have 47 rather than 10.2 as the multiplicative factor. Thus,

there is an add' tional gain reduction of approximately 10.2/4,r, or 1 dB.

Thus, the achievable cross section given by a Van Atta array installed

in a single fin of the missile is approximately 2 dB less than the maximum

achievable values calculated in the earlier report.

B. Body-MHuted Reflectors

There would be some advantage obtained if the reflectors could be mounted

on the body of the missile itself--preferably on a removable section of the

missile--thus requiring no re-design of the missile fins. There are two major

difficulties which are associated with such a concept: first, for aerodynamic

reasons, any protrusions from the surface must be relatively small, yet the

available area to intercept incident electromagnetic energar must be large when

viewed in the direction of the radar; second, the polarization must be care-

fully controlled completely around the missile, over a relatively large view-

ing angle.

While there have been a rnmber of flush-munmted antenna/reflector config-

urations which are based on either dielectric or slot antennas, [33,34 as shown in-

Figure 22, or which utilize Luneburg lenses behind a radome, none of these
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configurations are suitable for radiation directly back to the rear of the I

missile, nor are they capable of easily producing other than a single polari-

zation relative to the location of the ground plane, That is, different re-

flectors around the missile would produce different polarizations, thus

rendering the use of polarization measurement for roll angle determination
ineffective, 

-

Some consideration was given to the concept of cross section augmenta-:I

tion for only one roll angle position, thus producing a significant increase I
in backscattered energ, as that portion of the missile came into view of the

radar. The problems which would exist with such a system include achieving ]
appreciable augmentation near the tail aspect, and radar tracking problems !

associated with the significantly reduced data rate. Consideration of

these problems leads to the conclusion that such a concept would involve a

relatively large, complex, and expensive radar system, having significantly

reduced perfonrance.

7

I
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S~~VI. MULTPLE ýUSSTUE MaING RAWAR GOST ANALYSIS

¶Wo, viable, multiple missile tracking radar concepts emerged from the

analysis and system evaluation given in Chapter II of this report: (1) a

limited scan phased array concept tracking a passive reflector-equipped mis-

sile, and (2) an off-axis tracking minopulse concept viorking in conjunction

with a beacon-equipped missile. The costs associated with both of these con-

cepts will be analyzed in this chapter and a cost comparison/tradeoff aMong

the ftee rocket, the basic GRDAIAR concept, a limited scan radar, and the

off-axis immopuise system will be developed and presented.

A. Limited Scan Phased Array

Overall system. cost benefit and performance inprovemrent resulting from

the incorporation of command guidance into the Army's General Su-pport Rýockdet

will be a major evaluation criterion in determining the viability of the com-

mand guidance concept in ccmparison with a free-flight ballistic rocket with

no guidance. For that reason, reliable and accurate cost projection for each

of the candidate radar tracking techniques must be generated.

Estimating costs of complex military systems such as radars is an ex-

tremely difficult challenge in this time of rapidly escalating costs (infla-

tion) coupled with extremely rapid technology advances in the areas of digital

and solid state electronics which tend to offset inflation factors.

To prepare a believable cost estimate under such conditions requires a large

cost data base, coupled with extensive experience and access to a validated

military systems cost irmdel. Previous efforts at Georgia Tech 1 351 have provi-

ded all three of these. However, a major pitfall in cost estimation of
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military equipment derives from the attempt to forecast or project future costs

based on current or previous information. As previously indicated, neither

rapid techunological change, state-of-the-art advwaces, nor the precise specifi-

cation of development eients which require creativity and inrovation are known

a priori. '!hus, a conclusion by uk-my analysts f363 is that absolute future costs

can never be established.

!35]Using cost estimating relationships developed and described in reference,

drawing on an extensive cost data base for similar coherent radar system either

currently under d•velopment _n production (i.e. AN/TPQ-36, AN/TPQ-37, AN/PPS-5,

etc.) ind ob',aining additional new and current cost data on relevant radar sys-

tens through direct, personal contact, f37] the tuit production costs, in qruanti-

ties of 106 units, for a linited scan missile tracking phased array radar hwving

the operational parame-ters identified ;n reference in reference 3 and further refined

(hapter il of this study, were established. The results of the cost estimation

exercise is shown in Thblc X. Cost estimates for the mijor radar sub-components

are given in this Table.

'The primary cost drivers foi this radar ate the rather sophisticated limited

scan, dual-polarized, mmLopulse trac2-ing ant, nLa', the coherent digital MIT, CFAR,

ýind f- acking processor, and the coherent 250 k%7 peak power, pulse ccmpression

transmitter. The final asseibly and test cost is based on a vnliaLted algcrii.thit

which re' es the bas- complexity of the total system integration and the level

of the total subsystems costs through learnt-- curve functions (determined by

the nraxiber of produoction unl.ts) to final asseAily and test costs.

For a prxoluction run of 106 units, the estirated unit production cost for

the linited scan phased array concept is $546,400 in 1978 do.Llars.
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TABLE X

LIMITED SCAN PHASED ARRAY RADAR C0)ST ESTMATEj

Cc onent Cost

Tranadtter $59K
(Coherent, M)PA, 250 kw, Pulse Ccmpression)

Anterma, 128K(Limited Scan, Single Plane, Phased Array,

Dual Polarized, Mbnopulse)

Receiver 30K
(Mm1opulse)

Processor 130K
(Digital, MrI, Coherent, Tracking, CFAR)

Display 5K
(A-Scope, Maintenance)

Shelter 10K

Prim Pmer 5K

Final Assanhly and Test 179.4KJ

TOTAL $546.41K/each
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B. Off-Axis Tracking Monopulse

Using the general design paraneters for the off-axis tracking monopulse

radar concept presented in Chapter II and the same basic radar cost data base

(which included several non-coherent radar systems) and cost estimating

relationships as were used for estimating the costs of the limited scan sys-

tem, a cost estimate was developed for the off-axis monopulse. This estima-

tion is detailed in Table XI.

Again, the major cost drivers were the antenna and the processor; however,

since both of these sub-ccmponents have been considerably reduced in complexity

wie compared with their counterparts for the limited scan radar, the indivi-

dual sub-cciponent costs are lower. Also, the transmitter and receiver are

less costly, primarily since both are non-coherent and the transmitter has a

lower peak power for this radar concept.

Fora production run of 106 units, the estimated unit production cost for

the off-axis nmv-opulse is $200,000 in 1978 dollars.

C. Relative Cost Effectiveness of Missile System

A relative cost effectiveness comparison between the two missile tracking

radar concepts idemtified herein (the limited scan and off-axis tracking radars)

the original GT04AR concept, and the unmodified, totally ballistic or

free-flight rocket is presented in Table XII. Data on missile costs, including

the propulsion unit, warhead, basic electronics, and thrusters..-together with

cost data for the basic GPWtAR tracker--were supplied by MIR(XOM for this

cost cotyparison. In all cases, tracker life cycle costs were asswied to be

100 percent of hardware costs,and tracker unit costs were pro-rated over the

nLmber of missiles for a requirement of 106 trackers.

An extremely 4portant conclusion is i.mediately obvious from this table,

even thoigh the off-axis monopulse tracking concept requires more electronics
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TABLE XI

OFF-AXIS TRMAKING IDWOPUISE RADAR OOST ESTIMATE

Cov•mnent Cost

Transmdtter $10K
(on- Coherent, 25 kw, Frequency Txned)

Antenna 40K
(Reflector or Slotted Array, Dual Polarized,
Mmiopulse, Non-Scaliming, Pedestal)

Receiver 20K
(Non-Coherent, Monopulse)

Processor 45K
(Digital, Trackirg, Amplitude Threshold)

Display
(A-Scope, Maintenance)

S• iiter IOK

Prim, Power 5K

Final Msernbly and Test 65K

'.roTA,$200K/:Oarch
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on-board the missile (transponder), this concept is nmore cost effective thanI

the limited scan concept by a significant margin due to the simplified radar

tracker require!1ent and the resulting reduction in tracker cost pro-rated

for each missile.
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VII. CONCLUSIONS AND RECOMMENDATIONS

This report and its predecessor, "Preliminary Design Study for a

Command-Ouided Ballistic Missile Radar" 3 ] have addressed in detail many of

the technical questions associated with developing and implementing a

conmand-guided ballistic rocket using a microwave or millimeter radar to pro-

vide position and roll information for the rocket. Using extensive design

calculations, perfornmnce trade-offs and projections, and supporting techni-

cal analysis, the basic feasibility of an X-bond radar for providing the roc-

ket position and roll data was established in the first phase of this design

study.

This second phase of the investigation concentrated on providing addi-

tional depth in the treatnent of the missile retroreflector configurations,

more detailed performance and cost trade-offs among the beacon and passive

reflector-equipped missile concepts, missile beacon transponder design trade-

offs and a recormende•l design configuration, and an analytical exinination of

multiple rocket trackcing systen concepts and tracking radar requirements. The

primary conclusions evolving from these continuing studies and analyses des-

cribed in this report are suwmarized below-

(1) Miltiple missile tracking of a transponder-augiented missile may

be accomplished with. a low-peak power, relatively low cost, of f-axis

tracking conventional mtnopulse radar systen operating at Y-band.

(2) Use of passive retroflectors on-board the missile requires a

more ccxplex and expensive ground-based radar tracking system.

( PPEMCEDING PAGE BLANK-NOT FIkI•,D
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(3) Solid state missile transponders suitable for this application

May be developed and built at law cost in large quantities.

(4) Passive missile RCS augmentation appears prcmising only ulien

the retroreflector is mounted on, or in the trailirg edge of,

a missile fin.

(5) A transponder-equipped missile in conjunction with a onpUlse

tracking radar appears to be the most desirable approach, due

to lower overall system cost and increased tradking accuracy.

(6) Development of a 'Proof-of-ooncept" camnand-guided ballistic

missile radar system based on the design recommendations de-.

veloped in this study appears feasible at this time and is re-

caumended.

During the course of these studies, several areas requiring additional

stadies and investigations have becawi apparent:

(a) Radar-to-radar interference and transponder operation in a

multiple radar enviromient (Electromagnetic Compatibility-EMC)

and a realistic, electronic battlefield scenario.

(b) Tracking radar and overall system vulnerability to Electronic

CountezTT-asures--ECM.

(c) M1re optimum track smothing algorithms and procedures.

These additional technical questions requiring further analytical studies

should be addressed but their investigation should not preclude, nor delay,

initiation of a "Proof-of-Concept" system demonstration as outlined in the

preceeding chapter.
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APPENDIX

BALLISTIC MISSILE TRACKING RADAR AWNGUAR RATE ERROPS

For the ballistic missile tracking radar, consider the geometry shown

in Figure A-I with the radar and launcher co-located at the coordinate origin

and with the trajectory confined to the vertical plane of launch. The basic

objective of this analysis is to develop a set of expressions relating the

errors in estimating * (t), the angular rate error, to the basic radar meas-

urement errors-- R (the range error), oj (the range rate error), and ou (the

angular error). The following assumptions will hold throughout this analysis:

(i) R(t) = Iadar-measured range having Gamssian distributed
errors with zero mean and a standard deviation, 0 R.

(2) (t) - Radar-i-easured elevation angle rhaying Gaussian
distributed errors with zero mean and a standard
deviation, a .

(3) X(t), Y(t) Cartesian coordinates of rocket at any time, t;
X(t) and Y(t) are defined by the ballistic equa-
tions of motion.

Only the basic analysis steps and major analytical relationships will be

outlined in this discLssion. Fran the gecxmtry of the problem, as shuon in

Figure A-I,

Cosp(t) X(t)/R(t) (A-1)

I =

SPPEWEDING PAGF. BLAMNKO.(Y kMXUiR
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and, therefore, by differentiating in time,

4(t) __(L( tI c(t)cosw(t)- X(t)) (A-2)

Equation A-2 relates the angular rate, 4(t), to the range to the target, the

elevation angle, and the range rate; i.e.,

4 - f(R,+,R) (A-3)

Therefore, the total error in estimating i(t) ,6, f-r.n the radar measureents

of range, elevation an•gle, and range rate can1 be expressed as:

s R + + (A-4)

where 6R, 6,ý, and 6PR are the radar measurcment errors. Therefore, expressionsi

fcr ;;/3R, / and •imR must be derived starting fromr the basic relation-

ship given in Equation A-2.

After talking the indicated derivatives and performing extensive algebraic

manipulations,

X-R(os? (A-5)
R'Sint
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= Fxcos)- R1  (A-6) "

(A-7)

Now, assum that the radar measurement errors are independent, randm variables,

then Equation A-4 can be re-expressed in terms of the rms error in estimating Iii

I

2
2

/a k2 (A-8)

After substitution of the expressions given in Equations A-5 thru A-7 ,and

re-arranging terns, 0a can be expressed in terms of the basic radar ukeasure-

ment errors.
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7 -

2 Cos 2 2

(J R [2 

2

2
+ Cos j(A-9)

It can be shown that the first two terms inside the brackets of Equation

A-9 are small in comparison with the last term; therefore,

(') ) iI2 2

1$= ( A -O

I
and finally,

=-! (A-i1) A

For the radar parameters used for the X-band tracking radar,
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-• 0.1

OR = 4.2 meters

= 0.39 W/sec

a signal-to-noise ratio of 16 dB, and the follwing geometric conditions,

R = 30km

3CO

V. 1220 m/sec (muzzle velocity)

the elevatiom angular rate errors can be calculated

s = 0.03 m rad/sec

Under the sane radar error parameters, th range-rate and angular-rate I
errors can be plotted versus reanje, as sbh -in Figure A-2.
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